Abstract-An optimized linear multielement antenna (MEA) is presented for selection combining schemes that improves the selection diversity gain and selection diversity capacity in medium and low multipath environments, with respect to the performance achieved with a simple uniform linear array (ULA) using omnidirectional antennas, while it performs equally as well as a ULA in highly scattered environments. An analytical investigation based on the analysis of the correlation coefficients, together with simulations and extensive measurements, have been carried out for different fading multiple-input multiple-output environments ranging from line of sight (LOS) to non-LOS. Two MEAs are compared: a simple ULA with omnidirectional antennas and a MEA combining a ULA and a Butler matrix. The measurement results show that the nature of the proposed MEA is such that it is adaptive to any propagation scenario by simultaneously taking advantage of beamforming gain and signal diversity gain.
I. INTRODUCTION

I
N multiple-input multiple-output (MIMO) [1] wireless systems, multielement antennas (MEA) such as uniform linear arrays (ULAs or linear MEA) can be used to increase the transmission rate and improve the reliability of the transmitted signals when they are used in combination with spatial multiplexing techniques and space-time codes, respectively. Channel state information (CSI) is normally assumed at the receiver. If CSI is also available at the transmitter, beamforming can be used to further improve the performance of a MIMO system by focusing the energy of the transmitted codeword toward some desired direction in space. One technique or another is chosen for optimal performance depending on the availability and the quality of CSI at the transmitter and at the receiver, the scattering characteristics of the channel, the characteristics of the MEAs, and the signal-to-noise ratio (SNR) regime.
In [2] , it is shown that if perfect CSI is available at both the transmitter and the receiver, the channel capacity ( ) can be attained by spatial water-filling on the eigenmodes of the channel matrix and maximum ratio combining (MRC) at the receiver. If CSI is not available at the transmitter, then uniform power loading of the transmitting antennas and MRC at the receiver gives the optimal performance.
At the receiver front end, MRC is normally used in the combiner because it is well known that MRC is the optimum theoretical diversity combining method for branch signals having an arbitrary signal amplitude fading distribution [3] . Therefore, in propagation channels with either independent or correlated channel fading, and Rayleigh or Rician envelope distribution, a receiver using MRC performs optimally. Despite all this, one drawback of MRC is its cost of implementation because one radio-frequency (RF) chain is needed for each receiving antenna. In fact, this is one of the major drawbacks of MIMO, because RF components are expensive and their integration is difficult. MRC coherently combines all the received signals, and to do this it requires perfect CSI. This brings additional overhead in the transmission signaling techniques by means of training periods and requires the estimation of the channel coefficients, which also increases the complexity of the receiver. Alternatively, if some spectral efficiency can be sacrificed, selection combining (SC) arises as a most cost-effective combining technique because only uses one RF chain. SC chooses the path with the highest SNR and performs detection based on the signal from the selected path. It uses limited CSI at the receiver based on the instantaneous SNR of each antenna and hence does not require to estimate the channel coefficients. Because SC is a suboptimal combining scheme compared to MRC, the diversity gain using SC is in general lower than that achieved using MRC. However, SC can still provide very competitive diversity gains at the expense of very low complexity and cost, especially in rich scattering environments with independent fading and Rayleigh envelope distribution [4] On the other hand, most practically occurring cellular channels exhibit fading correlation and Rician envelope distribution, due to a nonuniform power azimuth spectrum (PAS) at the base station. Nonuniform PAS can arise in propagation environments with poor scattering and when there exists a dominant line-of-sight (LOS) propagation component. In such channels, the performance of SC deteriorates much faster than that of full complexity MRC schemes [5] .
A. Proposed Optimal Linear MEA for Selection Combining
To compensate for the detrimental effect of correlated and Rician channels on SC schemes, in this paper we propose an optimized linear MEA that combines a ULA and a Butler matrix to arrange omnidirectional antenna patterns into directive beams. For the seek of clarifying, an ideal Butler matrix is a passive, reciprocal, and lossless network with input and output ports, such that a signal introduced at one of the inputs produces equal amplitude excitations at all the output ports but with a constant phase difference among them, resulting in radiation at a certain angle in space when combined with a ULA. A signal introduced at another input port results in radiation towards a different angle in space. A Butler matrix in fact performs a spatial fast Fourier transform, and up to orthogonal directive beams can be generated when combined with a ULA.
In particular, the proposed MEA is built by connecting the output ports of a Butler matrix to the input ports of a ULA, such that the input ports for the new MEA are the input ports of the Butler matrix. A detailed description is given in Section III. As will be shown in Sections IV-VI, when compared to a simple ULA, the proposed MEA configuration improves the performance of SC by exploiting the benefits of beamforming in low scattered environments, the benefits of spatial diversity in rich scattered environments, or simultaneously taking advantage of both techniques in intermediate propagation conditions. Similarly as in [6] , the architecture can adapt to different propagation conditions, ranging from line-of-sight (LOS) to non-LOS (NLOS), but in our case, the beamforming capability is done by using an external circuitry and not via digital signal processing. Because the beamforming is done via hardware before the combiner, only one RF chain is needed, hence reducing the cost of implementation and complexity. In the proposed setting, the claimed performance gains are achieved before the front-end and therefore before the detector. Interestingly, also notice that despite the fact that the proposed architecture performs well in different environments and is able to adapt itself, the Butler matrix network is static and does not dynamically adapt any of its hardware component. This is one of the advantages of multidirective-beam MEAs.
The proposed linear MEA is optimal in two ways. First, assuming that there are not electronically adjustable phase shifts components on the external circuitry, the Butler matrix is the only static microwave network that will not degrade the performance of a ULA in rich scattered environments. This will be further explained in Section IV-A3 using [7] and [8] . Secondly, because the Butler matrix is a unique lossless reciprocal microwave network with which the full array gain of a ULA can realized in each beam [7] , [8] , the proposed linear MEA is a multidirective-beam MEA with which similar beamforming gains can be achieved in any direction of the azimuth plane. For the seek of clarifying, through this paper, we will also refer to a ULA as a multiomnidirectional-beam MEA.
Notice that the proposed architecture can be used at the transmitter front-end as well, although its study is left as future work.
Recently, it has been brought to our attention that this configuration has been considered in [9] . In our approach, we include a performance analysis based on the correlation coefficients and validate the benefits of the optimized MEA through simulations and extensive measurements over different propagation conditions ranging from LOS to NLOS.
B. Organization
To investigate the benefits of the proposed MEA configuration over a simple ULA, those two MEA configurations have been fabricated and compared. In Section II, the system model and the two figures of merit, the selection diversity gain and the selection diversity capacity, are presented. In Section III, the two compared MEA configurations are described. In Section IV, their performance in terms of the two figures of merit is predicted based on the analysis of its correlation coefficients in different propagation scenarios. In Section V, simulation results are shown, and in Section VI, they are verified through measurements.
II. SYSTEM MODEL AND FIGURES OF MERIT
A. System Model
Consider a single-input multiple-output (SIMO) system, consisting of a receiving diversity combining scheme with four receiving antennas ( ) and one transmitting antenna ( ). We assume that the channel fading at each receiving branch is frequency nonselective and changes slowly with equally correlated Rician distributed envelop statistics. The received signal at the th diversity branch can be expressed as (1) where is the channel gain associated with the th branch, where , is the transmitted signal with energy per symbol and is additive white Gaussian noise (AWGN) with identical power spectral density per dimension.
If an external circuitry with transfer function is inserted between the combiner and the receiving antennas, the received signal at the th diversity branch can be expressed as (2) where and is a matrix with dimensions and entries
. If the external circuitry corresponds to a Butler matrix, the entries of are given by [10] , where , , and indexes the input ports of the Butler matrix and the output ports of the Butler matrix connecting to the antennas of the ULA. In that case, since each row and column of has length one, after the combiner, the noise power with or without the Butler matrix remains the same, .
B. Figures of Merit
In this paper, we use two figures of merit to evaluate the performance of the proposed architecture: the selection diversity gain and the selection diversity capacity.
Selection combining is a diversity technique that chooses the path with the highest SNR at each time instant and performs detection based on the signal from the selected path. No CSI is assumed at the transmitter, so equal power distribution is assumed among transmit antennas. Partial CSI is assumed at the receiver, consisting on the SNR available at each receiving antenna at any time instant. Using the model in (1), the instantaneous SNR at the output of the combiner after SC can be expressed as (3) where is the instantaneous SNR at each antenna. The selection combining diversity gain can be defined as the increase on the average SNR due to the combined signal from the receiving antennas, with respect to the average SNR at a single antenna (4) Selection diversity capacity is that offered by the best of the receiving channels [1] , corresponding to the receiving antennas, and can be expressed as (5) where the maximization is over . Therefore, the system selects the port that maximizes the instantaneous capacity at each time instant.
Notice that while the performance of selection diversity combining is inferior to optimum combining, it can be simpler to implement. For the seek of clarifying, throughout this paper, the selection diversity capacity is also compared with the optimum capacity, that is, the theoretical limit on MIMO capacity for a given propagation condition and SNR, based on equation (6) where indicates transpose conjugate, is an identity matrix with dimensions , and is the normalized channel matrix [11] operating at 2.45 GHz, and over a finite ground plane of dimensions 30 30 cm. A picture of it can be seen in Fig. 1 . Throughout this paper, this configuration may be referred to as MEA 1. 2) Multidirective-Beam MEA: The ULA in configuration 1 with its input ports connected to the output ports of the Butler matrix described in [10] . This MEA arranges the omnidirectional antennas on directive beams and corresponds to the optimized linear MEA for SC schemes proposed in Section I-A. The inputs ports for the new MEA are the input ports of the Butler matrix. Throughout this paper, this configuration may be referred to as MEA 2. The Butler matrix in [10] is a 4 4 network, fabricated on RO3006 with relative dielectric constant 6.15, thickness 0.635 mm, and metallization thickness 0.017 mm. Fig. 2 shows a picture of the used Butler matrix. The tridimensional radiation patterns of the two prescribed MEA have been measured at the anechoic chamber of the Technical University of Catalonia, Spain. Fig. 3 shows the superposition of the copolar components of the normalized radiation patterns versus angle for the cut, for each one of the four input ports of multiomnidirectional-beam MEA. In all the figures, the reference coordinate system is the one shown in Fig. 1 . For the azimuth plane ( cut), the radiation patterns can be considered omnidirectional. The directivity was computed from the radiation patterns and was found to be in the range of 6.6 to 6.9 dBi, depending on the input port. The radiation patterns show little deformation and similar directivity values, as expected from monopole antennas spaced . Notice that the theoretical directivity of a quarter-wavelength monopole over an infinite ground plane is 5.15 dBi [12] , which is slightly smaller than the measured values. Those differences can be explained by the fact that the measured monopoles are not isolated and the ground plane is finite. Fig. 4 shows the normalized radiation patterns versus angle for the cut, for each one of the four input ports of multidirectional-beam MEA. In this case, the directivity at ports 1 and 4 is approximately 9.7 dBi, while at ports 2 and 3 it is around 11.5 dBi.
IV. PERFORMANCE ANALYSIS
In [13] and [14] , it is shown that the selection diversity gain, the selection diversity capacity, and the optimum capacity depend on the values of the correlation coefficients seen from the accessible ports of the MEAs at the receiver and transmitter end. In fact, the channel matrix can be expanded into , where is the correlation matrix at the receiver with dimensions , is the correlation matrix at the transmitter with dimensions , and is a matrix that represents the path gains channel coefficients, without including the correlation effects. Because , we assume and therefore
. On the other hand, (5) and (6) can be rewritten including explicitly the effects of the correlation as follows
In the next sections, we will estimate the correlation matrix at the receiver to predict the differences in the selection diversity gain and selection diversity capacity, among the two prescribed MEA, in different propagation scenarios. Notice, however, that from the correlation coefficient alone, one can not estimate the absolute performance of each MEA.
To compute the coefficients of the correlation matrix , one can follow the approach in [15] and use the formula (9) where and are the normalized radiation pattern and the maximum directivity associated to the th accessible port of the MEA, respectively, represents the PAS over the sphere, , and . It is clear that the entries of the correlation matrix can be computed from the radiation patterns associated to the ports of the MEA and the PAS. Therefore, by inspection of (7), and from [13] , it is also clear that the achievable selection diversity gain and selection diversity capacity depends ultimately on the shape of the radiation pattern associated to the ports of the MEAs and the distribution of the PAS, which is fixed by the characteristics of the scattering channel response.
A. Performance Analysis in an Ideal NLOS Scenario 1) Estimation of the Correlation Matrix
: In rich scattered environments, in order not to lower the rank of the channel matrix , in general it is desirable to have . This means that the MEA has its accessible ports decorrelated, and therefore the achievable diversity gain and capacity depend uniquely on the scattering channel response. In other words, the receiving MEA does not impact negatively on the system.
Fortunately, under the assumption of uniform PAS as in the case of a perfectly rich scattered environment (ideal NLOS), the coefficients in (9) can also be computed from the measured scattering parameters among the accessible ports of the MEA [15] using (10) where is the scattering matrix of the MEA. For the seek of clarifying, a scattering matrix is a matrix description of a microwave network as seen from its accessible ports that relates the voltage waves incident on the ports to those reflected from the ports [16] .
The condition is therefore desirable because in that case . The physical meaning of this condition from a transmission point of view can be seen as follows: if is the excitation vector for any given MEA, the power dissipated on the antennas is given by (11) From the condition , we have , and all the available power is radiated by the antennas in the lossless case. By virtue of the reciprocity theorem, the received power is totally delivered into the loads, when the above condition is satisfied. Interestingly, this gives us a more physical insight on the meaning of the decorrelation conditions of having , in the sense that this is equivalent to maximizing the power transfer from the receiving antennas to the loads.
In addition, for the ideal NLOS case, equating (9) and (10), we see that the condition is equivalent to having orthogonal radiation patterns among the ports of the MEA, that is, and , where represents the inner product.
Next, we estimate the entries of the correlation matrix for the two prescribed MEAs in an NLOS environment, from the measured scattering parameters and from its measured radiation patterns.
2) Performance Prediction of the Two Prescribed MEA Configurations:
Figs. 5 and 6 show the measured correlation coefficients according to (10) for the multiomnidirectional-beam and multidirectional-beam MEAs, respectively. One can observe that the difference gap among the self-correlation and cross-correlation curves is approximately 13 and 15 dB for the multiomnidirectional-beam MEA and multidirectional-beam MEA, respectively, at a central frequency of 2.45 GHz. In addition, the self-correlation coefficients are approximately 0 dB in all cases. This indicates that there is no power loss due to mismatch and the mutual coupling between the antennas is negligible; therefore the ports of the two prescribed MEA are decorrelated in a NLOS environment. That is, is verified.
Equivalently, this can also be seen from Figs. 7 and 8, which show the measured scattering parameters for the multiomnidirectional-beam and multidirectional-beam MEAs, respectively. All the scattering parameters are small enough, below 13 dB at 2.45 GHz, to consider that the condition is satisfied. The input ports of the two prescribed MEA are simultaneously matched and decoupled.
Although not shown, the correlation entries were also calculated using (9) and from the measured radiation patterns shown in Figs. 3 and 4 . Interestingly, the values agreed well with those obtained from the scattering parameters. The orthogonality conditions , were verified for the two prescribed MEAs.
Summarizing, under the assumption of uniform PAS, the two prescribed MEAs equally well satisfy the decorrelation condition of the input ports, or equivalently, the orthogonal condition of the radiation patterns. Due to the fact that when the performance of a MIMO system does not depend on the characteristics of the MEA but only on the scattering response of the channel, we can predict that the two prescribed MEAs will perform equally well in terms of selection diversity gain and selection diversity capacity in an NLOS scenario.
3) Other Considerations: The shape of the radiation patterns is seen to be irrelevant in an NLOS scenario as long as the total captured radiation energy is the same for the two prescribed MEAs, and the orthogonality condition of the radiation patterns is satisfied. For the multiomnidirectional-beam MEA, the pattern orthogonality condition is satisfied because the omnidirectional antennas are spaced . For the multidirective-beam MEA, the condition is satisfied because each radiation pattern is pointing to a different location in space.
On the other hand, as discussed in Section I-A and from the above results, the Butler matrix is the only static microwave network that will not degrade the performance of a ULA in rich scattered environments. This is because the Butler matrix is the only network providing orthogonal radiation patterns of similar gain in a ULA with omnidirectional antennas spaced , and under the assumption of uniform PAS [7] , [8] .
Finally, from Figs. 7 and 8, notice that the bandwidth, defined at 10 dB, for the multiomnidirectional-beam MEA and multidirective-beam MEA are approximately equal, which shows that the Butler matrix does not significantly reduce the operational frequency range with respect to that of a ULA.
B. Performance Analysis in an Ideal LOS Scenario 1) Estimation of the Correlation Matrix
: If, for a given propagation channel, the assumption of uniform PAS does not hold, then the correlation matrix at the receiver has to be computed using (9) . For the seek of simplicity, assume that the incoming signals are arriving within the azimuth plane. Equation (9) can be simplified to (12) For convenience, let us first decompose the channel matrix into an LOS component and NLOS component , as suggested in [17] . Recalling the fact that , and including explicitly the correlation effects, we have , . Notice that and are the path gains for the LOS and NLOS components, respectively, without including the correlation effects, and and are the correlation matrices at the receiver for the LOS and NLOS components, respectively. In that case, we have (13) where . Now, for a signal arriving from direction , and assuming omnidirectional radiation patterns for the receiving antennas, that is, , let us define the vector with dimensions 1 as
In an ideal LOS scenario, with , one can simplify the expression for the channel matrix given in (13) into , where we notice that has dimensions 1 and . As shown in [18] and using the above notation, for the case of the multiomnidirectional MEA we can write (15) and the selection diversity capacity (7) is given by (16) From (16), it is easy to see that the maximum possible value that this expression can achieve is 1 , which is the capacity value for a single-input single-output (SISO) channel with omnidirectional antennas at both ends.
On the other hand, in the case of the multidirectional MEA, which combines a Butler matrix with transfer function , as defined in Section II-A, with a ULA, the matrix can be written as (17) and the selection diversity capacity (7) is given by (18) In the case that the direction of arrival of the incoming signal coincides with one of the directions of maximum radiation of the multidirectional-beam MEA, that is, if , with being the th row of , then the product , which means that the signals from the receiving antennas will be coherently combined at port th of the Butler matrix. In this case, the expression for the selection diversity capacity reaches its maximum, and its value is equal to the optimal capacity of an SIMO system, given by . Notice that the conclusions commented on here for the selection diversity capacity are also valid for the selection diversity gain.
Because the Butler matrix provides four discrete beams, and not a continuous beamforming capability, the optimum capacity will be achieved for those directions of arrival that coincide with the directions of maximum radiation of the four radiation patterns.
2) Performance Prediction of the Two Prescribed MEA Configurations: For the ideal LOS scenario, a more intuitive performance prediction of the two prescribed MEA can be made by inspection of the measured radiation patterns. Fig. 9 shows the resultant directivity pattern versus the angle in the plane, after SC of the input ports for each of the two prescribed MEAs, in an ideal LOS scenario. That is, for each direction of arrival, , the radiation pattern associated to the port that provides maximum directivity on that specific direction is chosen.
As shown in Fig. 4 , the multidirective-beam MEA, as a result of combining a Butler matrix with a ULA, can generate four discrete directive beams pointing at different directions in space. In an ideal LOS scenario, when the direction of arrival of the incoming signals coincides with any of the directions of maximum directivity ( 15 , 50 , 130 , and 165 ), the multidirective-beam MEA can coherently combined the arriving signals of each antennas and take full advantage of the beamforming array gain. From Fig. 9 , we observe that the resultant directivity after SC of the multidirectional-beam MEA is up to 3 dB larger, and never smaller, than that of the multiomnidirectional-beam MEA. Therefore, compared to a simple ULA, the multidirective-beam MEA, through beamforming, can clearly improve the SNR up to 3 dB and therefore improve the selection diversity gain and selection diversity capacity.
For the seek of clarifying, notice that monopole antennas over a ground plane have its direction of maximum radiation slightly above the azimuth plane. Using dipole antennas, which do not require a ground plane and have direction of maximum radiation exactly on the azimuth plane, one could expect improvement of up to 6 dB on the SNR, in theory.
As will be shown through simulations in Section V and measurements in Section VI, the proposed multidirectional-beam MEA still outperforms a simple ULA, in intermediate LOS/ NLOS scenarios, but the two prescribed MEAs tend to perform more equally as the richness of the scattering of the channel increases.
V. SIMULATIONS
Simulations on the selection diversity gain, selection diversity capacity, and optimum capacity have been carried out over a variety of propagation scenarios offering different angular spreads ( ), -factors ( ), and for different orientations of the MEAs to characterize the performance of the two prescribed MEA in intermediate channels ranging from LOS to NLOS.
Using the coordinate system shown in Fig. 1 as a reference to describe the orientation of the two prescribed MEAs, we define as the angle that forms the direction of the axis with the LOS direction between the transmitter and the receiver. A representation of the angle is shown in Fig. 13 . Notice that the antennas in the ULA are aligned along the axis, and when , the direction of the axis is parallel to the LOS direction.
was computed as in [19] , based on the central moment and without including the direct LOS component.
Unless specified, through this section, the selection diversity gain, selection diversity capacity, and optimum capacity are computed at a probability of 10%, which means that during 90% of the time, the respective gain and capacity values will be above those values.
A. Simulator Model
To carry out the simulations, we have used a slow-fading frequency-nonselective channel model based on [17] and on the IEEE P802.11 compliant TGn MIMO channel model. 1 Using this model, the channel matrix can be separated into a fixed (constant, LOS) matrix and a Rayleigh (variable, NLOS) matrix (19) where the entries of are correlated zero-mean unit variance, complex Gaussian random variables, and is the Rician -factor. The entries are exponentials with argument equal to times the phase difference between the th transmit and th receive antenna. was normalized according to [11] . Let us recall the fact that , , and the channel matrix has dimensions 4 1.
To generate the Rayleigh component , the two-ring MIMO model described in [19] , [20] , and [21] has been used. This model has been chosen because it allows us to directly observe how the choice of antenna orientation and the shape of the antenna radiation pattern affect the system performance. The received signals are assumed to be plane waves arriving within the azimuth plane ( ) and the local scatterers are assumed to be uniformly distributed within two rings, one around the transmitter and the other around the receiver. Only a single-bounce scattering has been considered. The scatterers are assigned equal scattering coefficients, with independent identically distributed uniform random phases distributed over [0, 2 ] . The antennas are assumed to be isotropic, and therefore omnidirectional on the azimuth plane. Finally, the coupling between antennas has been neglected because for antenna spaced , it can be considered negligible.
Three different scenarios have been simulated. 1) Near-ideal LOS scenarios: with dB and . The received signal at each antenna is Rician distributed. Typical of channels with very poor scattering and a clear dominant specular path. 2) Intermediate LOS/NLOS scenario: with dB and . Scenario typically found in LOS indoor environments. The received signals are Rician distributed as well, with moderate scattering in the channel. To better characterize the small of those scenarios, the ring of scatterers around the receiver was removed [19] . The radius of the ring of scatterers at the transmitter was fixed to 2500 . 3) Rich scattered NLOS scenario: with dB and . Scenario typically found in NLOS indoor environments with very rich scattering. In this case, the two rings of scatterers, around the transmitter and receiver, were used, with radius 400 and 2500 , respectively. The transmitter and the receiver were always separated by a distance equivalent to 4000 , and the number of scatters on each ring was set to 20. The number of samples for the Monte Carlo simulation was fixed to samples.
B. Results on the Selection Diversity Gain
The simulated results of this section are all based on Fig. 10 , which shows the simulated selection diversity gain versus for the two prescribed MEAs (multiomnidirectional-beam and 1 http://www.info.fundp.ac.be/~lsc/Research/IEEE 80211-HTSG-CMSC/. multidirectional-beam) and for the three scenarios described in Section V-A.
From Fig. 10 , one can observe that in the near-ideal LOS scenario, where the specular component is the dominant (largefactor) and the is very small, , an improvement of approximately 2.5-6 dB on the SNR is achieved with the proposed multidirectional-beam MEA with respect to a simple ULA, for different directions of arrival of the incoming signals. This can be easily explained from the fact that with poor scattering, the arriving rays are highly correlated in phase and magnitude, and coherent combining techniques such as beamforming can take advantage of it. In fact, the beamforming gain generated by the combined use of the ULA and the Butler matrix is responsible for the improvement on the SNR. On the other hand, the large correlation among the signals at each receiving antenna degrades the achievable selection diversity gain of a simple ULA, as seen in Fig. 10 , that is always around 0 dB. Notice that the simulations agree well the theory commented on in Section IV-B.
Notice that in Fig. 10 one can clearly distinguish the shape of the four directive radiation patterns for the multidirective-beam MEA in those scenarios with small . In the intermediate LOS/NLOS scenarios with and dB, although the multidirectional-beam MEA still outperforms a simple ULA, their curves tend to unite. This tendency becomes more obvious as the further increases and the -factor reduces ( and dB). This can be explained as follows. As the richness of the scattering increases, so does the , and the arriving rays are less correlated. In those situations, coherent techniques such as beamforming lose their advantage and the benefits of signal diversity increase. On the other hand, due to the fact that the multidirective-beam MEA simultaneously takes advantage of both techniques, it always outperforms the multiomnidirectional-beam MEA, which only takes advantage of the signal diversity.
In the rich scattered NLOS scenario with an and dB, the curves for the multiomnidirectional-beam and multidirectional-beam MEAs are superimposed. As commented on in Section IV-A, this can be explained from the fact that in NLOS scenarios, a very wide range of directions of arrival are approximately equiprobable, which makes the shape of the radiation pattern irrelevant, as long as the total captured radiation energy is the same and the pattern orthogonality is preserved. Notice that the simulated selection diversity gain is approximately 9 dB, which agrees well with the theoretical selection diversity gain at a probability of 10% by combining four branches in independent Rayleigh channels using SC [13] . In the limit case of an ideal NLOS scenario with , one would expect the two curves to be perfectly superimposed and around 9 dB for any value of .
From the above figures, one can observe that the signal diversity is a major contributor to the increase of the SNR with respect to beamforming, as the becomes similar or larger to the beamwidth of the radiation patterns formed by the combined use of the Butler matrix and the ULA.
As a conclusion, the proposed multidirective-beam MEA does not degrade the selection diversity gain in rich scattering environments with respect to a simple ULA, while it dramatically improves the SNR in Rician channels (LOS scenarios) with small . Notice that the above conclusion is in agreement with the predictions in Section IV.
Finally, notice that a minimum in the diversity gain is observed at for the two prescribed MEA. This corresponds to the case where the receiving antennas of the ULA are aligned with the LOS direction, where the correlation of the arriving rays reaches a maximum. In addition, this direction coincides with that of smallest beamforming gain.
C. Results on the Selection Diversity Capacity and Optimal Capacity
Figs. 11 and 12 show the simulated selection diversity capacity and optimum capacity, respectively, versus for the two prescribed MEA (multiomnidirectional-beam and multidirectional-beam MEAs) and for the three scenarios described in Section V-A. Assume an SNR dB. Because the optimum capacity given by (6) does not impose any constraint in the linear transformation of the antenna outputs at the receiver [1] , one would expect that independently of the and direction of arrival , the two prescribed MEA configurations achieve exactly the same capacity. That is, one should see that the hardware processing of the Butler matrix does not impact the optimum capacity. This fact is corroborated in Fig. 12 where the curves for the two MEAs are always superimposed. This information will be used here as a reference for how far the achieved selection diversity capacity is from the optimum capacity using MRC.
From Fig. 12 , we also observe that the optimum capacity, at a probability of 10%, decreases as the richness of the scattering increases. This can be explained from the fact that in a rich multipath environment, the signal fading is large, and for a fixed number of transmitting ( ) and receiving antennas ( ), this fading is responsible for an increase of the probability of smaller capacity values. This is especially severe at a probability of 10%. This effect will be shown later through measurements in Figs. 17 and 18 in Section VI.
For the rich scattered NLOS scenario, the selection diversity gain is upper bounded by the optimum capacity value of approximately 4.3 bits/s/Hz. On the other hand, in the near-ideal LOS scenario, it is upper bounded by 5.35 bits/s/Hz. Notice that the 5.35 bits/s/Hz agrees well with the capacity of an equivalent SISO channel with a SNR of 16 dB, as a result of adding 6 dB from the Butler matrix beamforming gain (array factor) to the original SNR of 10 dB.
From Fig. 11 , we observe that the selection diversity capacity follows the exact same trends as the selection diversity gain shown in Fig. 10 and commented on in detail in Section V-B. This can be explained from the fact that the selection diversity gain and the selection diversity capacity are two different figures of merit used to evaluate essentially the same idea, the SC performance. Interestingly, and in particular for the rich scattered NLOS scenario, the achieved selection diversity capacity is around 3.3 bits/s/Hz, about 1 bit/s/Hz away from the optimal capacity using MRC. On the other hand, in those scenarios with small ( ), we also observe that the multidirectional-beam MEA is clearly improving the selection diversity capacity with respect to a simple ULA. In fact, for the near-ideal LOS scenario at certain values of ( 15 , 50 , 130 , and 165 ) that coincide with the directions of maximum directivity of the multidirectional-beam MEA, the selection diversity capacity is equal to the optimum capacity of 5.35 bits/s/Hz.
For the same reason as those commented on in Section V-B, the optimum capacity reaches a minimum at . The above conclusions are also in agreement with the predictions in Section IV.
VI. MEASUREMENT
Measurements on selection diversity gain, selection diversity capacity, and optimum capacity were conducted to validate the results shown in previous simulations and analysis.
Unless specified, the values of selection diversity gain, selection diversity capacity, and optimum capacity are referred to those computed at a probability of 10%.
A. Description of the Measurement Setup
The measurements were conducted using two robotic arms separated 4 m approximately. A transmitting monopole moving at steps of 0.8 was installed in one of the two robotic arms, while the two prescribed MEA configurations under test were installed on the other arm, and moved at steps of 0.1 . On each measurement, the number of recollected samples was . This setup allowed us to perform repetitive measurements and compare the two prescribed MEAs among different MIMO propagation scenarios. A picture of one of the robotic arms is shown in Fig. 14 .
The measurements were conducted by transmitting a single tone at 2.45 GHz and using a network analyzer connected to the transmitting and receiving antennas, to obtain the values of the entries of the channel matrix .
Measurements were carried out in two different scenarios. 1) Near-ideal LOS scenario: was reproduced inside an anechoic chamber. Due to the absorbing material on the walls of the anechoic chamber, only a direct LOS propagation path existed between the transmitter and the receiver. 2) Rich scattered NLOS scenario: reproduced in a room of approximately 9 4 m with several metallic shields, tables, and other objects on it. The layout of the room is shown in Fig. 13 . There was no direct visibility between the transmitter and the receiver. Those two scenarios were chosen as limit cases of real propagation environments. 
B. Results on Selection Diversity Gain
Figs. 15 and 16 show, for the LOS and NLOS scenarios, respectively, the measured cdfs of the normalized received power on each accessible port and after selection combining, for the two prescribed MEA configurations. In addition, the cdf curves for an ideal MEA combining a ULA and an ideal lossless Butler matrix are also included. For this last case, the curves were obtained by postweighting the measured signals at the output of the ULA by the transformation vectors of an ideal Butler matrix. Fig. 15 . CDF curves of the normalized received power on each accessible port (port signal) and after selection combining (combined signal), in the NLOS scenario, for the two prescribed MEAs. MEA 1 refers to the multiomnidirectional-beam MEA and MEA 2 refers to the multidirectional-beam MEA using a real Butler matrix. Fig. 16 . CDF curves of the normalized received power on each accessible port (port signal) and after selection combining (combined signal), in the LOS scenario, for the two prescribed MEAs. MEA 1 refers to the multiomnidirectionalbeam MEA and MEA 2 refers to the multidirectional-beam MEA using a real Butler matrix.
For the NLOS measurements shown in Fig. 15 , we observe that the selection diversity gain is approximately equal for the two prescribed MEA configurations: 6.29 dB for the multidirective-beam and 6.84 dB for the multiomnidirectional-beam MEA, respectively. In fact, the cdf curves after SC for the two prescribed MEA are approximately superimposed. This is in agreement with the results obtained from simulations in a rich scattered NLOS scenario with and dB, shown in Section V-B, and from the correlation coefficients analysis presented in Section IV-A. Once again we observe that, in rich scattering environments, the shape of the patterns does not impact the diversity gain, as long as the total captured radiation energy is the same and the patterns are orthogonal to each other. Remember that from Section IV-A this is equivalent to having decorrelated input ports for the MEA.
Notice, however, that the selection diversity gain achieved with the multidirectional-beam MEA is 0.55 dB smaller than that achieved with the simple ULA. This can be explained from the fact that the Butler matrix has approximately 0.8 dB of insertion loss. This also explains, in Fig. 15 , the small shift to the left of the cdf curve for the MEA using the real Butler matrix, with respect to the cdf curve of the MEA using an ideal Butler matrix. By looking at the average SNR after SC, one can observe that the impact of the Butler matrix losses at those probabilities is smaller. In fact, looking at the mean, multidirectional-beam MEA outperforms by 0.22 dB a simple ULA, even considering the losses of the external circuitry.
On the other hand, using the multiomnidirectional-beam MEA, the four antennas receive similar power levels, while in the case of the multidirective-beam MEA, one of the ports is favored in detriment of the other three. This provides an additional SNR margin (computed at a probability of 10%) of 1.75 dB in one of the ports, with respect to the multiomnidirectional-beam MEA. This can be explained from the fact that in non-perfect NLOS scenarios, there normally exist several dominant directions of arrival, and the beamforming array gain can take advantage of it. This is particularly advantageous for the detection of signal in low SNR conditions.
For the near-ideal LOS measurements shown in Fig. 16 , we observe that the diversity gain after SC for the multidirectivebeam MEA is 2.14 dB, while it is 0.78 dB for the multiomnidirectional-beam MEA. The proposed multidirectional-beam MEA improves the SNR by about 1.36 dB thanks to the beamforming gain obtained from the combined use of a Butler matrix and a ULA. This improvement becomes more obvious when looking at the mean SNR, which is improved by approximately 3.3 dB. These results are also in agreement with the simulations shown in Section V-B and correlation analysis in Section IV-A.
Similarly as in the NLOS case, the received power level by one of the ports of the multidirective-beam MEA is significantly larger than in the other three ports. However, as seen in Fig. 16 , in the near-ideal LOS case, the differences in the received power level among the different branches are much larger. This can be explained from the fact that for this particular measurement arrangement, the directions of arrival of the incoming rays fall within the beamwidth of one of the four directive beams, while at the same time the directions correspond to those of secondary lobes or nulls in the radiation patterns of the other three beams. Notice that, in scenarios with small , the coherent beamforming is the major contributor, compared to signal diversity, to the increase in the SNR. Table I summarizes the results on selection diversity gain for the LOS and NLOS cases. Notice that the realized gains include the losses of the Butler matrix. Comparative values with the case using an ideal lossless Butler matrix are included to show the potential gains that one would obtain with a low-loss design of the Butler matrix. 
C. Results on the Selection Diversity Capacity and Optimal Capacity
Figs. 17 and 18 show, for the NLOS and LOS scenarios, respectively, the measured cdf of the selection diversity capacity and optimum capacity for the two prescribed MEA configurations. In addition, the cdf curves for an ideal MEA combining a ULA and an ideal lossless Butler matrix are also included. Assume an SNR dB. Because selection diversity gain and selection diversity capacity are two different figures of merit used to evaluate the performance of the same combining technique, the results shown in Figs. 17 and18 about the selection diversity capacity follow the same exact trends as those in Figs. 15 and 16 about the selection diversity gain.
For the rich scattered NLOS measurements shown in Fig. 17 , one can observe that the two prescribed MEAs perform similarly, as predicted also in Sections IV and V. In fact, the selection diversity capacity is 2.54 and 2.39 bits/s/Hz for the multiomnidirectional-beam and multidirectional-beam MEA, respectively. Once again, the 0.8 dB of insertion losses of the Butler matrix impacts negatively on the selection diversity capacity. In fact, notice that in the case of having and ideal Butler matrix, the predicted selection diversity capacity would be approximately 2.63 bits/s/Hz. Finally, in the NLOS scenario, the selection diversity capacity is only 0.88 bits/s/Hz below the optimum capacity value, which agrees well with the simulations results on Section V-C. The mean values of the selection diversity capacity follow the same trend as those computed at a probability of 10%.
For the near-ideal LOS measurements shown in Fig. 18 , the cdf curves of the selection diversity capacity for the two prescribed MEAs do not coincide, and in fact the two MEAs configurations perform very different. The selection diversity capacity cdf curve for the multidirectional-beam MEA is well to the right with respect to that of the multiomnidirectional-beam MEA, meaning that a larger selection diversity capacity is achieved with the multidirectional-beam MEA at all probabilities. The improvement in the selection diversity capacity is approximately 0.42 bits/s/Hz, which agrees well with the increment of 1.36 dB in the SNR commented on in Section VI-B, due to the beamforming gain achieved from the combined use of the Butler matrix and a ULA. Looking at the average values, the differences become more obvious, and the multidirective-beam MEA outperforms the multiomnidirectional-beam MEA by 0.91 bits/s/Hz. Notice also that using an ideally lossless Butler matrix, the performance improvement would be even larger and approximately of 1 bit/s/Hz. This raises the interest in the design of low-loss Butler matrices.
Tables III and II summarize the results of the optimum and selection diversity capacity [1] for the LOS and NLOS case, respectively. Notice that in general, at a probability of 10%, the capacity values of the LOS case are larger than those for the NLOS case. As commented also in Section V-C, this can be explained from the fact that in an NLOS scenario, the existence of fading increases the probability of the smaller capacity values.
Because the optimum capacity given by (6) does not impose any constraint in the linear transformation of the antenna outputs at the receiver, the optimum capacity cdf curves for the two prescribed MEAs should be superimposed. However, a small shift can be observed among the two curves, in Figs. 17 and 18, which can be explained from the 0.8 dB of insertion loss of the Butler matrix.
Once again, through measurements, it has been demonstrated that the proposed MEA consisting of a ULA combined with a Butler matrix improves the selection diversity capacity performance with respect to a simple ULA in LOS conditions, and performs equally well than a ULA in NLOS scenarios. The measurements agree will with the simulations in Section V and performance analysis in Section IV. Notice also that for both LOS and NLOS scenarios, the selection diversity capacity, despite being a suboptimal technique and its simplicity of implementation, provides a significant improvement on the capacity of the system with respect to the SISO system.
VII. CONCLUSION
An optimized linear multielement antenna for selection combining schemes that improves the selection diversity gain and selection diversity capacity in medium and low multipath environments with respect to a simple uniform linear array has been proposed. The proposed MEA performs equally as well as a ULA in highly scattered environments. This improvement is realized even considering the losses of the Butler matrix network. The performance has been evaluated in terms of selection diversity gain and selection diversity capacity through the analysis of the correlation coefficients, simulations, and measurements. The use of multidirective-beam antennas can also increase the SNR margin at the receiver ports, which is a beneficial feature for the detection of the signal in low SNR regime. In 1991, he was an Engineer at Alcatel as a Researcher specialized in the area of microwave mixer design. In 1992, he was a Visiting Researcher at UCLA working on low intermodulation mixers. Currently, he is an Associate Professor at the Department of Electrical and Computer Engineering, University of California, Irvine. His research interests are in the field of computer-aided electromagnetics for high-speed digital circuits and antennas and microelectromechanical systems for RF applications fabricated on unconventional substrates such as printed circuit board and microwave laminates.
